INTRODUCTION
The limb primordia of Drosophila are subdivided into adjacent territories called compartments-that is, cell populations that do not mix during development (García-Bellido et al, 1973) . Anterior and posterior cells in limb primordia acquire specific fates during embryogenesis through the activity of the homeodomain proteins Engrailed (En) and Invected in posterior cells (Tabata et al, 1995) . Soon after the discovery that anterior and posterior cells are separated by a lineage restriction boundary (García-Bellido et al, 1973) , it was proposed that this boundary acts as an organizing centre in the developing appendages (Crick & Lawrence, 1975) . Molecular analyses have shown that specialized cells are established along the anterior-posterior boundary as a consequence of asymmetrical signalling by the diffusible protein Hedgehog (Hh), from the posterior to anterior cells (Basler & Struhl, 1994; Tabata & Kornberg, 1994) . En induces expression of Hh in the posterior compartment and represses the expression of the essential downstream component of the Hh signalling pathway Cubitus interruptus (Ci). Ci can exist in two forms: a repressor form (Ci rep ) is generated in cells that do not receive the Hh signal; and an activator form of Ci (Ci act ) is generated in cells that receive the Hh signal (Fig 1I; Aza-Blanc et al, 1997; Ohlmeyer & Kalderon, 1998) . Both forms of Ci control the expression of the secreted signalling molecule Decapentaplegic (Dpp) in a thin stripe of anterior cells along the anterior-posterior boundary (Méthot & Basler, 1999) . Dpp acts as a symmetrical long-range morphogen. By this mechanism the originally asymmetrical subdivision of the limb primordium eventually leads to the establishment of a symmetrical organizing gradient of Dpp.
Asymmetrical signalling of Hh also relies on restricting the Hh-expressing cells to the posterior compartment (Fig 1I,J) . Ci rep has been shown to repress the expression of hh in anterior cells, mainly in those cells that do not receive the Hh signal (Fig 1I; Méthot & Basler, 1999) . The transcriptional corepressor Groucho (Gro)-the founding member of a superfamily of corepressors that are conserved throughout eukaryotes-is also required to repress hh expression in anterior cells, but in cells that are close to the anterior-posterior boundary (Fig 1J; de Celis & Ruiz-Gomez, 1995; Apidianakis et al, 2001) . Gro is recruited by several transcription factors to mediate various long-range repression mechanisms during embryonic and larval development of Drosophila. Here, we show that Master of thickveins (Mtv), a target of Hh activity encoding a nuclear zinc-finger protein (Funakoshi et al, 2001) , and Gro take part in the same protein complex and mediate transcriptional repression of hh. Therefore, two different mechanisms are used in the Drosophila wing to restrict hh expression to the posterior compartment. Several signalling molecules have been shown to restrict their own expression or activity domains (Freeman & Gurdon, 2002) ; to our knowledge, this is the first time that Hh has been shown to be involved in restricting its own expression domain.
RESULTS AND DISCUSSION
The anterior-posterior asymmetrical expression of mtv in the developing wing primordium (Fig 1A,F) follows that of Hh activity, and is a consequence of Hh increasing mtv expression at the anterior-posterior boundary and En reducing mtv expression in posterior cells (Funakoshi et al, 2001) . To assess the role of mtv in wing development, clones of cells mutant for a loss-of-function allele of mtv-mtv 6 -were generated using the FLP/FRT technique. Clones were marked by the absence of the green fluorescent protein (GFP) marker. These mutant cells caused ectopic expression of hh in anterior cells (Fig 1B-D) . Only those cells abutting or close to the anterior-posterior boundary were able to induce hh. We monitored the expression of the Hh target genes en and patched (ptc) in these clones. Again, loss of mtv caused an expansion of en and ptc expression domains in cells located in the same region (Fig 1C,E) . Posterior clones did not have any effect on the expression of Hh target genes (data not shown).
In the absence of mtv activity, hh is expressed in anterior cells. The hh gain-of-funcion allele Moonrat-hh Mrt -also resulted in derepression of hh in anterior cells and caused duplication of anterior structures-that is, longitudinal veins (arrow in Fig 2B) and enlargement of the anterior compartment (de Celis & Ruiz-Gomez, 1995; Felsenfeld & Kennison, 1995) . We then investigated whether reduced levels of mtv activity would enhance the hh Mrt phenotype. Loss of one copy of mtv strongly enhanced the hh Mrt heterozygous adult wing phenotype (compare Fig 2B and C) . In hh Mrt heterozygous wing discs, slight ectopic expression of hh messenger RNA, En and Araucan (Ara), another target of Hh (Gomez-Skarmeta & Modolell, 1996) , was observed in anterior cells (compare Fig 2D, G with E,H). Loss of one copy of mtv in this hh Mrt heterozygous background increased the number of cells ectopically expressing hh mRNA, En and Ara and the levels of expression (Fig 2F,I ). The ectopic expression of En (arrow in Fig 2I) , a target of Hh required to specify the fate of wing margin bristles at the anterior-posterior boundary (Hidalgo, 1994) , is consistent with the observation that bristles along the anterior wing margin (triple row bristles, TR) were transformed into more posteriorly located sensory organs (double row bristles, DR; Fig 2C) . The enlargement of the expression domain of Ara (arrowheads in Fig 2I) , a target of Hh that defines the position of the third longitudinal vein (L3; Fig 2A ; Gomez-Skarmeta & Modolell, 1996) , explains the ectopic L3 observed in mtv 6 hh Mrt double heterozygous wings (arrow in Fig 2C) . Delta protein is expressed along the presumptive longitudinal veins L3 and L4 in the wing primordium ( Fig 2J) . In mtv 6 hh Mrt double heterozygous wing discs, Delta is ectopically expressed in the anterior compartment (Fig 2K) , presumably in those cells that will give rise to the ectopic vein L3 observed in the resulting adult wings. Note the relatively normal levels of Delta protein expression in the posterior compartment of these discs.
hh is a target of En in posterior cells; therefore, ectopic expression of hh might be a consequence of derepression of En in mtv mutant clones. However, clones lacking mtv and en activities still showed the ability to cause ectopic expression of hh and its target gene ptc (Fig 1G,H) in the anterior compartment. Anterior clones lacking en activity alone did not have any effect on the expression of hh (supplementary Fig 1 online) . Together, these results indicate that Mtv is required to repress hh expression in anterior cells, independently of En.
Gro activity has previously been shown to be required for the repression of hh transcription in anterior cells (de Celis & Ruiz-Gomez, 1995; Apidianakis et al, 2001) . Gro is ubiquitously expressed in the wing disc, but it is required only at the Fig 4F; note that clones were marked in this case by the presence of two copies of the GFP marker), thus indicating that Gro and Mtv might work together to repress hh. Interestingly, gro and mtv genetically interact in vivo. Transheterozygous gro 1 /gro E48 adult wings showed no overt phenotype (Fig 3A) , and no apparent ectopic expression of hh mRNA and Hh target genes Ara and En was observed in the corresponding wing imaginal discs (Fig 3B,C) . Loss of one copy of mtv in a gro 1 /gro E48 mutant background induced an enlarged anterior compartment in the adult wing ( Fig 3D) and ectopic expression of hh mRNA, En and Ara in anterior cells (Fig 3E,F) . The ectopic expression of En and Ara explains the transformation of anterior wing margin bristles into more posteriorly located sensory organs and the appearance of the ectopic L3. Genetic interactions between gro and mtv mutant alleles, and the similar clonal phenotype suggest that Mtv and Gro might function in the same complex to repress hh expression in anterior cells. This hypothesis was tested using a co-immunoprecipitation assay in S2 cells. Myc-epitope-tagged Mtv was immunoprecipitated with Gro protein and Gro antibody in these cells (Fig 3G) . To determine whether the interaction between Gro and Mtv was direct, we carried out a two-hybrid analysis in yeast and a pull-down assay of in vitro-translated Gro and glutathione-S-transferase (GST)-epitope-tagged Mtv ( supplementary  Fig 2 online) . In the yeast assay, Gro did not recognize Mtv, as shown by the lack of expression of the lacZ reporter gene. In the pull-down assay, Mtv was expressed in bacteria as a GST fusion, immobilized on glutathione-Sepharose beads and then tested for their ability to retain radiolabelled Gro protein. GST-Mtv showed little or no binding ( supplementary Fig 2 online) . Taken together, we can conclude that Gro and Mtv take part in the same protein complex but that they do not bind directly, and we suggest that this complex is important for the repression of hh transcription in anterior cells.
Anterior clones lacking mtv or gro activities induced hh expression only when located close to or abutting the posterior compartment (Figs 1B-D,4F; Apidianakis et al, 2001 ). This requirement indicates that ectopic hh expression might depend on the endogenous source of Hh coming from posterior cells. To test this hypothesis, we ubiquitously expressed a dominantnegative version of the transmembrane protein Smoothened (Smo-5A)-an essential component of the Hh signalling pathway. In this background, the activity of the Hh pathway was compromised, as shown by the reduction in Ptc protein levels ( supplementary Fig 1 online) , and no hh expression was observed in mtv clones (Fig 4A) . High levels of Ptc are known to repress the activity of Smo but without affecting the expression of posterior hh ( supplementary Fig 1 online) . Clones lacking mtv and overexpressing Ptc did not cause ectopic expression of hh either (Fig 4B) . Conversely, clones mutant for mtv and constitutively activating the Hh pathway-that is, mutant for ptc-induced hh expression at any distance from the anterior-posterior boundary (Fig 4C) . Clones mutant for ptc alone did not have any effect on hh expression ( supplementary Fig 1 online) . Together, these results indicate that, in the absence of Mtv or Gro activities, anterior hh expression seems to be induced by the Hh signalling pathway.
High levels of Hh signalling leads to the generation of the activator form of Ci (Ci act ) and, consequently, to reduced levels of , as clones lacking gro and ci activities still showed the ability to cause ectopic expression of hh at the anterior-posterior boundary (Fig 4H,I) , and the levels of hh expression at the anterior-posterior boundary were much higher than in ci single-mutant clones (Fig 4G) . Therefore we conclude, that in the absence of mtv or gro activities, anterior hh is expressed only at the anterior-posterior boundary owing to the absence or reduced levels of Ci rep . Consistently, when a truncated form of Ci that behaves as a repressor form (Ci Cell ; Méthot & Basler, 1999) was expressed in the dorsal compartment of the wing pouch, hh was not ectopically expressed in gro mutant clones (Fig 4J; note that Ci Cell also repressed hh expression in posterior cells of the dorsal compartment). We observed that Ci Cell was able to repress hh in the absence of Gro activity, indicating that Ci rep -dependent repression of hh does not require Gro activity.
Anterior hh expression in the absence of Mtv and Gro activities is restricted not only to the anterior-posterior boundary, but also to the region close to or abutting the dorsal-ventral compartment boundary. The Notch signalling pathway is activated at the dorsal-ventral compartment boundary (Diaz-Benjumea & Cohen, 1995; de Celis et al, 1996) , where it induces the expression of the long-range morphogen Wingless (Wg). We then investigated whether anterior hh expression depends on the activity of the Notch or Wg signalling pathways. For this purpose, we analysed the effects on hh expression after blocking or activating these pathways. We analysed these effects in clones mutant for both mtv and ptc because in these clones hh expression is induced at any distance from the anterior-posterior boundary. When the Notch signalling pathway was blocked in ptc mtv double-mutant clones by means of expression of a dominantnegative form of the Notch nuclear effector Mastermind (Mam-DN), no hh expression was observed in ptc mtv mutant clones (Fig 4D) . When the Notch signalling pathway was constitutively activated by means of a dominant active form of Notch (Struhl & Adachi, 1998) , ectopic expression of hh was observed at any distance from the dorsal-ventral boundary (Fig 4E) . Expression of Mam-DN or Nintra alone did not have any effect on hh expression ( supplementary Fig 1 online) . Ectopic expression of Wg in ptc mtv double-mutant clones did not cause any effect in their ability to induce anterior hh expression (data not shown). These results indicate that, in the absence of mtv activity, the Notch and Hh signalling pathways act together to induce hh transcription in anterior cells.
Asymmetrical signalling by Hh from posterior to anterior cells is required for stable compartment subdivision and maintenance of a Dpp-dependent organizer in the centre of the wing primordium. This asymmetry is a consequence of having Hh-expressing and Hh-responding cells in different non-overlapping cell populations corresponding to posterior and anterior compartments, respectively. Two different and independent mechanisms are used in the Drosophila wing to repress hh expression in anterior cells (Fig 1I,J) . The first acts mainly in those cells not receiving the Hh signal and is based on the repressor form of Ci (Ci rep ). We presented evidence that this repression does not require Gro activity. The second acts in those cells receiving the Hh signal and is based on Mtv binding Gro to mediate transcriptional repression of hh. We present evidence that anterior hh expression in the absence of Gro activity does not require Ci. Interestingly, Mtv and Gro seem to be inhibiting a new role of Notch at the dorsal-ventral boundary in driving hh expression in anterior cells. It is interesting to note that in this context the hh gain-of-function allele Moonrat (hh Mrt ) leads to derepression of hh in anterior cells located at the dorsal-ventral boundary (Fig 2) . We speculate that Mtv and Gro might act on a cis-regulatory region of the hh gene affected in the Moonrat allele. Ci rep seems to repress hh expression independently of Notch (Fig 4; see also Méthot & Basler, 1999) , indicating that Ci rep might act on a different cis-regulatory region than Mtv and Gro.
Finally, we would like to point out that many signalling molecules have been shown to restrict their own expression such as Wg or Notch (Rulifson et al, 1996; Herranz et al, 2006) or activity domains such as Hh (Chen & Struhl, 1996) . This report shows that Hh is also involved in restricting its expression domain. Hh induces the expression of mtv in nearby anterior cells and Mtv, together with Gro, represses hh expression in anterior cells (Fig 1J) .
